Multi-objective Process Optimization to Improve Surface Integrity on Turned Surface of Al/SiCp Metal Matrix Composites Using Grey Relational Analysis  by Dabade, Uday A.
 Procedia CIRP  7 ( 2013 )  299 – 304 
2212-8271 © 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Professor Pedro Filipe do Carmo Cunha
doi: 10.1016/j.procir.2013.05.051 
Forty Sixth CIRP Conference on Manufacturing Systems 2013 
Multi-objective Process Optimization to Improve Surface Integrity on 
Turned Surface of Al/SiCp Metal Matrix Composites Using Grey 
Relational Analysis 
Uday A. Dabade* 
Department of Mechanical Engineering, Walchand College of Engineering, Vishrambag, Sangli  416 415, INDIA 
* Corresponding author. Tel.: +91-9820542138; fax: +91-0233-2300831. E-mail address: udabade@gmail.com. 
Abstract 
The utilization of Al/SiCp metal matrix composites in different engineering fields has undergone a tremendous increase due to its 
tailor-made properties that can be achieved by varying the size and volume fraction of reinforcement. However, the difficulty in 
machining of metal matrix composites (MMCs) arises not only from the excessive wear of the cutting tools but also from fracturing 
of the reinforcement particles which leaves pits and cavities. These characteristics in machining of MMCs affect the machined 
surface integrity. Hence, the objective of this study is to identify the optimum process parameters to improve the surface integrity 
on Al/SiCp composites. The machined surface integrity have been analysed as a function of processing parameters, such as feed 
rate, cutting speed, depth of cut and cutting tool geometry. Surface integrity is associated with surface roughness and sub surface 
damage. Both these response variables are governed by the cutting forces, surface finish, residual stresses generated on the 
machined surface and microhardness variation beneath the machined surfaces. Thus, to improve the surface integrity on Al/SiCp 
composites multi objective process parameter optimization is performed using grey relational analysis.  Experiments on Al/SiCp 
composites of four different compositions are performed using L27 orthogonal array as per the Taguchi method. Analysis of 
experimental results indicates that the surface roughness is more sensitive to a change in size than a change in volume fraction of 
reinforcement. Investigations on sub-surface integrity involving micro-hardness variation have shown that depth of altered material 
zone (AMZ) changes with a change in size of abrasive reinforcement in MMCs. The grey relational analysis shown that wiper 
insert geometry with 0.8 mm tool nose radius, 0.05 mm rev-1 feed, 40 m min-1 cutting speed and 0.2 mm depth of cut are optimized 
machining conditions that enhances the surface integrity on Al/SiCp composite within the scope of the experiments performed.  
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1. Introduction 
The quality and integrity of machined surfaces are 
dependent on the work, tool and process related 
parameters employed during machining. Tool nose 
radius, cutting edge geometry, feed rate, cutting speed 
and depth of cut significantly affect the performance 
measures such as, surface roughness, cutting forces, sub-
surface damage, micro-hardness and surface residual 
stresses induced in the machined surfaces on Al/SiCp 
composites [1-3]. In order to minimize these machining 
problems, scientific methods based on Taguchi design of 
experiments were used [4]. However, the original Tagu-
chi method has been designed to optimize a single per-
formance characteristic and is not appropriate for 
multiple-performance optimization [5-6]. Therefore, it 
requires further research efforts to handle multiple 
performance characteristics. If there are multiple 
response variables for the same conditions of 
independent variables, the methodology provides 
optimal operating conditions for each response variable, 
but these conditions could be different from each other. 
For example, in machining, optimal conditions for 
minimizing surface roughness need not be same as for 
minimizing tensile residual stresses on the machined 
surfaces. Therefore, an improvement of one performance 
characteristic may cause a deterioration of another 
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performance characteristic. Hence, optimization of the 
multiple performance characteristics is more 
complicated than optimization of a single performance 
characteristic.  
In a complex process such as machining, the 
relationship between various factors is unclear. Such 
systems often are called grey that give poor, incomplete 
and uncertain information. To solve such kind of 
problem, grey relational analysis (GRA) is necessary. 
Deng, [7] proposed applications of GRA to engineering 
problems and proved it to be useful in dealing with poor, 
incomplete, and uncertain information. The GRA was 
used to solve the complicated interrelationships among 
the multiple performance characteristics effectively [5, 
8-9]. From the GRA, a grey relational grade (GRG) is 
obtained to evaluate the multiple performance 
characteristics. As a result, optimization of the 
complicated multiple performance characteristics can be 
converted into optimization of a single GRG. In this 
study, it is observed that the use of the orthogonal array 
with the GRA can greatly simplify the optimization 
procedure with the multiple performance characteristics 
in any manufacturing process.  
Researchers have applied the GRA to optimization of 
process parameters in various machining problems. Fong 
and Chen [10] obtained optimal parameters for turning 
of tool steel using GRG that maximizes the accuracy and 
minimizes the surface roughness. The other applications 
of GRA to different machining processes include, 
electric discharge machining [5-6], determining tool 
condition in turning [11], chemical mechanical polishing 
[12], performance evaluation of diamond and carbide 
tools in dry turning [13], and optimization of drilling 
parameters to minimize surface roughness and burr 
height [14]. In this paper, multi-objective optimization 
using GRA has been discussed to improve the surface 
integrity on turned surface of Al/SiCp MMCs. 
 
2. Multi-Objective Optimization: GRA 
  
The optimization of multiple performance 
characteristics using GRA includes the following steps: 
 Identification of performance characteristics and 
process parameters to be evaluated. 
 Selection of process parameters levels. 
 Selection of orthogonal array and assign the process 
parameters to the array. 
 Experimentation as per the orthogonal array. 
 Normalization of the experimental results (S/N ratio). 
 Determination of deviation sequences. 
 Determination of grey relational coefficient (GRC). 
 Determination of grey relational grade (GRG). 
 Determination of optimal parameters. 
 Prediction of GRG under optimal parameters. 
The objective of the research work is to improve the 
surface integrity of machined surface on Al/SiCp 
MMCs. Since surface integrity is influenced by various 
parameters such as cutting force components; surface 
roughness, microhardness variation and residual stress 
on machined surface and hence these parameters are 
considered as response variables. Secondly, the literature 
indicates that the selected response variables are 
influenced by the process parameters such as tool nose 
radius, insert geometry, feed rate, cutting speed and 
depth of cut. Therefore, three levels of each process 
parameters are selected and experiments are performed 
using L27 (313) orthogonal array as per Taguchi method. 
The first four steps are presented in detail in designing 
the experiments for this research work [15]. The 
remaining steps are discussed in following sections. 
 
2.1 Normalization of S/N ratio 
 
In GRA, data pre-processing is first performed in 
order to normalize the raw data for analysis. A 
normalization of the S/N ratio in the range between zero 
and one is also called as the grey relational generation 
[5-6]. The larger-the-better, smaller-the-better and 
nominal-the-better, characteristics have identical levels 
to compare with each other. Depending on the 
characteristics of data sequence, linear normalization can 
be performed by different methodologies. If the smaller-
the-better is the characteristic used in the original 
sequence, then it should be normalized as given by 
Equation 1. 
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max                          (1) 
S/N ratios of all the response variables, arrived at on 
all the composites used in this work are presented in 
Appendix A. (A1-A4). To obtain the best parametric 
combination, considering all these response variables 
lower were set as a reference sequence x0(o) (k) and the 
results of the 27 experiments be the comparability 
sequences xi(o)(k), i =1  27, k = 1  6. All the sequences 
after normalization are denoted as x0*(k) and xi*(k) for 
reference sequence and comparability sequence, 
respectively. The larger value of normalized results 
indicates the better performance characteristic and the 
best-normalized results will be equal to one. 
 
2.2 Determination of deviation sequences, 0i(k) 
 
The deviation sequence, 0i(k) is the absolute 
difference between the  reference sequence x0 (k) and 
the comparability sequence xi (k) after normalization. It 
is determined using Equation 2. 
 
0i(k) = | x0 (k)  xi (k) |                        (2)      
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2.3 Determination of grey relational coefficient (GRC) 
 
GRC for all the sequences gives the relationship 
between the ideal (best) and actual normalized S/N ratio. 
If the two sequences agree at all points, then their GRC 
is 1. The GRC can be expressed by Equation 3 [16].  
 
max)(0
maxmin)(),(0 ki
kixkx                     (3)                                                                    
 
Where, min  is the smallest value of 
0i(k) kkxki *ix*0minmin  and max is the 
largest value of 0i(k) kkxki *ix*0maxmax , 
x0*(k) is the ideal normalized S/N ratio, xi*(k) is the 
normalized comparability sequence and  is the 
distinguishing coefficient which can be adjusted with the 
systematic actual need and defined in the range between 
0 and 1. Generally it is considered as 0.5 [14, 16].  
 
2.4 Determination of grey relational grade (GRG) 
 
The overall evaluation of the multiple performance 
characteristics is based on the GRG. The grey relational 
grade is an average sum of the GRC, and is calculated 
using Equation 4 [5-6]. 
 
)(),(0
1
1,0 kixkx
m
im
ixx                       (4)                                                                      
 
Where, ixx ,0 is GRG for the j
th experiment and m 
the number of performance characteristics. The order of 
the experiments according to the magnitude of GRG is 
depicted in Table 1(a-d). 
 
Table 1(a-d) Grey relational grades and their order 
 
Orth. 
array 
no. 
(a)  
Al/SiC/20p/220 
(b)  
Al/SiC/20p/600 
(c)  
Al/SiC/30p/220 
(d)  
Al/SiC/30p/600 
GRG Order GRG Order GRG Order GRG Order 
1 0.828 1 0.822 1 0.797 1 0.774 2 
2 0.462 22 0.445 19 0.485 18 0.433 21 
3 0.364 26 0.350 27 0.380 24 0.351 27 
4 0.555 14 0.549 8 0.577 13 0.552 11 
5 0.474 19 0.396 23 0.458 20 0.469 18 
6 0.581 11 0.516 12 0.599 9 0.541 12 
7 0.541 15 0.487 15 0.551 14 0.512 14 
8 0.706 4 0.619 7 0.684 5 0.569 8 
9 0.354 27 0.363 24 0.366 26 0.427 22 
10 0.557 13 0.522 11 0.531 15 0.557 10 
11 0.660 5 0.650 5 0.721 4 0.596 6 
12 0.432 23 0.424 22 0.393 23 0.401 24 
13 0.823 2 0.692 3 0.761 3 0.688 3 
14 0.644 6 0.659 4 0.649 6 0.665 4 
15 0.397 24 0.362 25 0.375 25 0.369 25 
16 0.611 8 0.512 13 0.597 10 0.566 9 
17 0.476 17 0.428 21 0.449 21 0.414 23 
18 0.472 20 0.499 14 0.527 16 0.471 17 
19 0.635 7 0.620 6 0.616 8 0.623 5 
20 0.474 18 0.471 17 0.466 19 0.457 20 
21 0.560 12 0.540 9 0.588 12 0.509 15 
22 0.584 10 0.483 16 0.594 11 0.529 13 
23 0.587 9 0.539 10 0.648 7 0.582 7 
24 0.516 16 0.440 20 0.498 17 0.488 16 
25 0.781 3 0.748 2 0.764 2 0.803 1 
26 0.469 21 0.452 18 0.447 22 0.458 19 
27 0.373 25 0.352 26 0.355 27 0.353 26 
2.5 Determination of optimal parameters 
 
The GRG calculated for each sequence is taken as 
response for the further analysis. The larger-the-better 
quality characteristic has been used for analysis, since it 
indicates the better performance of the process. The 
GRG obtained is analysed using ANOVA and analysis 
of mean (AOM) plots. ANOVA is used to identify the 
statistical significance of individual parameter on a 
particular response. The response table of Taguchi 
method was employed here to calculate the average 
GRG for each factor level. In this, the grouping of the 
GRGs was done initially by factor level for each column 
in the orthogonal array and then by averaging them. For 
example, in the first column in the orthogonal array, the 
run 1 to run 9 were the experimental runs at which tool 
nose radius (r) was set at level 1. The corresponding 
values of the GRG for r1 are those experimental runs 
only. The average sum of these values will be the 
corresponding response grade. The AOM plots for GRG 
are shown in Figures 1(a-d) and mean response table for 
the overall GRG is presented in Table 2 (a-d) and the 
corresponding F and P values of ANOVA for GRG are 
given in Table 3 (a-d). 
 
Table 2 (a-d) Mean response table for grey relational grade 
Levels (a) Al/SiC/20p/220 
TNR (r) IG (I) FR (f) CS (V) DOC (d) 
1 0.5410 0.5529 0.6576 0.5819 0.6668 
2 0.5638 0.5738 0.5506 0.5258 0.5203 
3 0.5537 0.5318 0.4503 0.5509 0.4715 
Max  Min 0.0228 0.0420 0.2073 0.0561 0.1953 
Ranking 5 4 1 3 2 
 Total mean value of GRG is 0.5529 
 
Levels (b) Al/SiC/20p/600 
TNR (r) IG (I) FR (f) CS (V) DOC (d) 
1 0.5055 0.5386 0.6043 0.5403 0.6256 
2 0.5282 0.5157 0.5182 0.4999 0.4966 
3 0.5167 0.4961 0.4279 0.5102 0.4282 
Max  Min 0.0226 0.0424 0.1763 0.0404 0.1974 
Ranking 5 3 2 4 1 
 Total mean value of GRG is 0.5168 
 
Levels (c)  Al/SiC/30p/220 
TNR (r) IG (I) FR (f) CS (V) DOC (d) 
1 0.5446 0.5534 0.6436 0.5710 0.6772 
2 0.5564 0.5737 0.5568 0.5320 0.5146 
3 0.5534 0.5273 0.4540 0.5515 0.4626 
Max  Min 0.0118 0.0464 0.1896 0.0390 0.2146 
ranking 5 3 2 4 1 
 Total mean value of GRG is 0.5515 
 
Levels (d) Al/SiC/30p/600 
TNR (r) IG (I) FR (f) CS (V) DOC (d) 
1 0.5147 0.5229 0.6232 0.5399 0.6154 
2 0.5258 0.5431 0.5164 0.5168 0.5131 
3 0.5341 0.5087 0.4351 0.5179 0.4462 
Max  Min 0.0194 0.0343 0.1881 0.0231 0.1692 
Ranking 5 3 1 4 2 
 Total mean value of GRG is 0.5249 
 
(TNR: tool nose radius; IG: insert geometry; FR: feed rate; CS: 
cutting speed; and DOC: depth of cut) 
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Figure 1 (a-d) AOM plots for GRG of turning on Al/SiCp MMCs 
 
Results of ANOVA in Tables 3(a-d) indicate that feed 
rate and depth of cut are the statistically significant 
turning process parameters that affect the response 
variables chosen for this experiments or overall 
performance characteristics. These are, therefore, the 
noticeable parameters to improve the surface 
quality/integrity on Al/SiCp composites. The influence 
of other operating parameters changes with size and 
volume fraction of reinforcement in composites. From 
the AOM plots of GRG in Figures 1(a-d), the optimal 
parametric combinations are determined, refer Table 4.  
 
Table 3(a-d) Summarized F and P values of ANOVA for GRG 
 
Parameter DOF (a) Al/SiC/20p/220 (b) Al/SiC/20p/600 
F P F P 
TNR 1 0.63 0.448 0.40 0.545 
IG 2 0.70 0.520 0.94 0.426 
FR (mm/rev) 2 28.62 0.000 15.80 0.001 
CS (m/min) 2 2.36 0.150 0.92 0.434 
DOC (mm) 2 30.86 0.000 20.93 0.000 
TNR*IG 2 0.71 0.519 0.24 0.794 
TNR*FR 2 0.09 0.915 0.59 0.576 
IG*FR 4 0.83 0.541 0.43 0.785 
 R2 = 93.91%;  
R2(adj) = 82.41% 
R2 = 90.08%;  
R2(adj) = 71.35% 
 
Parameter DOF (c)  Al/SiC/30p/220 (d) Al/SiC/30p/600 
F P F P 
TNR 1 0.30 0.600 .39 0.550 
IG 2 1.38 0.301 0.51 0.619 
FR (mm/rev) 2 34.26 0.000 19.01 0.001 
CS (m/min) 2 1.61 0.252 0.42 0.668 
DOC (mm) 2 53.17 0.000 18.05 0.001 
TNR*IG 2 0.75 0.498 0.13 0.877 
TNR*FR 2 0.09 0.918 0.29 0.753 
IG*FR 4 0.45 0.769 1.33 0.329 
 R2 = 95.58%;  
R2(adj) = 87.22% 
R2 = 90.84%;  
R2(adj) = 73.53% 
 
Table 4 Multiple-performance optimized conditions using grey 
relational analysis 
 
MMC material TNR 
(mm) 
IG FR (mm 
rev-1) 
CS 
 (m min-1) 
DOC 
(mm) 
Al/SiC/20p/220 
Al/SiC/30p/220  
Al/SiC/30p/600 
 
0.8 
 
W2 
 
0.05 
 
40 
 
0.2 
Al/SiC/20p/600 0.8 W1 0.05 40 0.2 
 
2.6 Prediction of GRG under optimal parameters  
After evaluating the optimal parameter settings, the 
next step is to predict and verify the improvement of 
quality characteristics using the optimal parametric 
combination. The predicted GRG  using the optimal 
level of the machining parameters can be calculated as 
given by Equation 5 [4]: 
1
q
m i m
i                                 (5)       
Where, m  is the total mean GRG i is the mean 
GRG at the optimal level and q is the number of 
parameters influencing the quality characteristics. Thus, 
the predicted or estimated GRG (optimal) is equal to the 
mean GRG plus the summation of the difference 
between the overall mean GRG and the mean GRG for 
each of the significant factors at optimal level. The 
results of the confirmation experiments using the 
optimal machining parameters are presented in Tables 
5(a-d). It is found that there is a good agreement 
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between predicted and experimental GRG. This ensures 
the usefulness of grey relational approach in relation to 
product/process optimization, where multiple quality 
criteria have to be fulfilled simultaneously. 
 
Table 5(a-d) Results of machining performance using the initial and 
optimal machining performance 
 
(a)  Al/SiC/20p/220 Initial  
parameter  
setting 
Optimal machining  
parameter 
Prediction Expt. 
Setting level r1-I1-f1- 
V1-d1 
r2-I2-f1- 
V1-d1 
r2-I2-f1- 
V1-d1 
Cutting force  (N) 28.2  24.3 
Radial force (N) 31.3 32.2 
Feed force (N) 6.6 5.6 
Surface roughness (μmRa) 1.21 1.03 
Micro-hardness (VHN) 166 158 
Residual stress (MPa) -148.4 -140.3 
GRG 0.8287 0.8326 0.8635 
Improvement in grey relational grade = 0.0348 
(b)  Al/SiC/20p/600 Initial  
parameter  
setting 
Optimal machining  
parameter 
Prediction Expt. 
Setting level r1-I1-f1- 
V1-d1 
r2-I1-f1- 
V1-d1 
r2-I1-f1- 
V1-d1 
Cutting force  (N) 23.9  26.4 
Radial force (N) 13.4 25.3 
Feed force (N) 8.4 8.6 
Surface roughness (μmRa) 0.26 0.43 
Micro-hardness (VHN) 149 144 
Residual stress (MPa) -93.9 -133.9 
GRG 0.8220 0.7697 0.8478 
Improvement in grey relational grade = 0.0258 
(c)  Al/SiC/30p/220 Initial  
parameter  
setting 
Optimal machining  
parameter 
Prediction Expt. 
Setting level r1-I1-f1- 
V1-d1 
r2-I2-f1- 
V1-d1 
r2-I2-f1- 
V1-d1 
Cutting force  (N) 40.8  36.4 
Radial force (N) 44  42.9 
Feed force (N) 5.9  6.6 
Surface roughness (μmRa) 1.26  0.73 
Micro-hardness (VHN) 172  165 
Residual stress (MPa) -133.6  -159.6 
GRG 0.7977 0.8161 0.8725 
Improvement in grey relational grade = 0.0748 
(d)  Al/SiC/30p/600 Initial  
parameter  
setting 
Optimal machining  
parameter 
Prediction Expt. 
Setting level r2-I3-f1- 
V2-d1 
r2-I2-f1- 
V1-d1 
r2-I2-f1- 
V1-d1 
Cutting force  (N) 25.2  29.3 
Radial force (N) 39.3  32.4 
Feed force (N) 4.1  5.7 
Surface roughness (μmRa) 0.21  0.77 
Micro-hardness (VHN) 150  156 
Residual stress (MPa) -187.3  -146.5 
GRG 0.8039 0.7562 0.8128 
Improvement in grey relational grade = 0.0089 
 
3. Conclusions 
 
A Taguchi based GRA was proposed to improve the 
surface integrity of turning process parameters in 
machining of Al/SiCp composites. Surface 
quality/integrity related parameters such as cutting 
forces, surface roughness, residual stresses and micro-
hardness variation were selected as target responses. The 
conclusions based on the multi-objective optimization 
are as follows: 
 The GRA based best and worst machining conditions 
change with size and volume fraction of 
reinforcement in composites. 
 The best optimized combination of machining 
conditions to enhance the surface quality/integrity on 
machined surfaces of Al/SiCp composite is use of 0.8 
mm tool nose radius, wiper type insert geometry, 
0.05 mm rev-1 feed rate, 40 m min-1 cutting speed and 
0.2 mm depth of cut.  
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APPENDIX A. S/N Ratio (dB) for responses 
 
Orth. 
array  
no. 
[A1] Al/SiCp/20p/220 [A2] Al/SiCp/20p/600 
cutting  
force 
radial  
force 
feed  
force 
sur. 
 rough. 
micro- 
hardness 
cutting  
force 
radial  
force 
feed  
force 
sur. 
 rough. 
micro- 
hardness 
1 -29.01 -29.91 -16.39 -1.66 44.40 -27.55 -22.56 -18.51 11.70 43.46 
2 -40.78 -37.91 -32.39 -4.08 43.35 -40.51 -34.58 -29.40 2.85 42.01 
3 -49.08 -42.08 -39.25 -5.62 42.48 -50.01 -41.73 -40.34 -4.86 41.51 
4 -38.74 -34.03 -29.72 -0.42 43.46 -36.36 -29.33 -26.56 10.75 42.08 
5 -45.39 -38.08 -37.04 -1.06 43.23 -44.46 -36.80 -35.16 -6.44 41.94 
6 -37.17 -36.01 -20.17 -7.31 44.03 -37.42 -31.91 -21.99 0.92 42.61 
7 -42.20 -35.04 -33.59 -1.06 43.75 -40.80 -29.30 -31.62 3.35 42.28 
8 -34.50 -29.63 -22.67 -5.89 44.35 -32.79 -29.27 -19.78 0.09 43.17 
9 -45.67 -41.28 -35.56 -8.16 42.28 -45.81 -41.46 -35.84 -6.06 41.21 
10 -41.30 -38.97 -33.13 1.21 43.58 -40.64 -35.05 -30.25 12.40 42.14 
11 -31.50 -33.14 -19.74 -2.61 43.86 -29.96 -30.41 -10.75 5.85 42.41 
12 -44.36 -40.77 -31.30 -5.11 43.11 -43.03 -37.88 -28.94 1.21 41.87 
13 -28.03 -31.00 -13.62 -0.42 43.97 -29.80 -29.33 -10.40 10.17 42.48 
14 -39.59 -37.98 -29.57 -3.75 44.56 -40.00 -35.54 -27.82 6.56 43.64 
15 -48.60 -44.17 -38.44 -5.20 43.05 -49.44 -43.45 -39.53 -0.83 41.80 
16 -37.90 -36.71 -26.35 -1.66 44.24 -37.13 -33.48 -25.37 5.85 42.35 
17 -44.98 -39.72 -35.65 -0.59 43.17 -43.50 -36.92 -33.61 3.74 41.94 
18 -36.91 -37.68 -23.25 -7.31 42.86 -35.15 -31.22 -14.96 -4.35 41.36 
19 -36.59 -36.68 -27.97 1.41 43.81 -35.01 -31.78 -23.11 13.98 42.73 
20 -45.21 -40.56 -34.40 -2.61 43.64 -44.00 -35.16 -32.82 7.96 42.21 
21 -36.99 -35.91 -17.89 -4.03 43.52 -36.04 -32.30 -14.72 2.62 42.14 
22 -41.68 -37.47 -32.34 1.41 43.69 -41.83 -36.75 -32.28 9.37 42.21 
23 -33.03 -34.20 -19.79 -2.98 43.41 -33.53 -28.83 -23.55 5.51 42.08 
24 -44.60 -41.66 -31.17 -4.24 44.14 -45.23 -41.79 -33.05 1.51 42.67 
25 -32.23 -29.75 -18.78 -1.66 44.30 -27.25 -25.36 -17.69 8.40 42.92 
26 -41.15 -38.19 -30.28 -2.80 42.92 -39.99 -36.18 -25.97 3.74 41.66 
27 -48.36 -43.52 -37.79 -5.30 42.54 -48.68 -42.16 -37.58 -2.98 41.44 
Orth. 
array  
no. 
[A3] Al/SiCp/30p/220 [A4] Al/SiCp/30p/600 
cutting  
force 
radial  
force 
feed  
force 
sur. 
 rough. 
micro- 
hardness 
cutting  
force 
radial  
force 
feed  
force 
sur. 
 rough. 
micro- 
hardness 
1 -32.22 -32.86 -15.39 -2.01 44.71 -31.23 -25.13 -21.84 13.15 43.75 
2 -41.03 -37.65 -32.80 -2.28 43.97 -40.68 -35.03 -30.25 3.88 42.48 
3 -49.01 -42.01 -39.51 -5.98 43.69 -49.92 -40.39 -38.74 -2.21 42.08 
4 -36.95 -34.11 -30.14 2.62 44.03 -36.91 -29.18 -27.94 12.77 42.67 
5 -44.56 -35.84 -36.72 -1.29 43.86 -36.85 -32.58 -23.53 -3.86 42.41 
6 -36.52 -36.42 -21.33 -6.81 44.56 -36.84 -32.57 -23.52 0.82 43.17 
7 -41.88 -33.81 -35.30 -1.14 44.30 -40.04 -30.99 -32.43 9.12 42.86 
8 -35.41 -33.62 -23.11 -5.15 44.81 -34.51 -30.15 -21.46 2.27 43.64 
9 -45.02 -40.52 -34.78 -7.85 42.92 -45.72 -38.93 -34.82 -4.96 41.66 
10 -41.39 -40.19 -33.91 3.48 44.14 -39.46 -33.81 -28.88 17.08 42.73 
11 -31.36 -33.47 -17.26 -1.29 44.24 -32.42 -31.59 -19.36 8.87 42.98 
12 -44.16 -42.16 -32.24 -6.19 43.35 -43.73 -38.95 -30.73 1.94 42.35 
13 -30.52 -32.49 -21.79 1.31 44.45 -31.70 -31.92 -18.76 17.72 43.05 
14 -40.68 -38.77 -29.19 -2.28 45.01 -39.65 -36.29 -28.21 10.46 43.92 
15 -48.67 -44.20 -38.25 -4.35 43.58 -48.88 -42.80 -37.88 2.16 42.28 
16 -38.62 -38.21 -29.06 2.73 44.40 -36.08 -35.37 -27.38 12.40 42.92 
17 -45.01 -41.12 -34.93 1.31 43.81 -44.10 -38.20 -33.36 6.02 42.41 
18 -37.73 -34.56 -19.47 -5.80 43.05 -36.57 -33.93 -17.30 -4.35 41.80 
19 -38.95 -38.83 -29.34 5.04 44.40 -37.19 -31.92 -22.92 15.92 43.41 
20 -45.12 -41.68 -35.08 -0.83 44.19 -43.27 -37.27 -31.98 7.13 42.80 
21 -36.48 -34.33 -20.21 -5.76 44.08 -36.39 -32.66 -22.42 3.10 42.73 
22 -41.40 -38.41 -33.02 3.10 44.86 -40.73 -34.60 -30.62 14.89 42.86 
23 -34.36 -34.23 -16.73 -2.41 44.03 -34.11 -32.51 -14.30 7.74 42.61 
24 -44.82 -42.49 -33.74 -4.45 44.66 -44.55 -40.01 -31.80 4.58 43.35 
25 -30.99 -35.39 -17.30 -1.94 44.76 -28.04 -31.89 -12.31 13.56 43.52 
26 -41.15 -40.37 -31.39 -2.41 43.46 -40.76 -36.77 -27.73 8.87 42.21 
27 -48.51 -44.30 -37.75 -6.28 43.23 -48.64 -41.40 -36.81 -2.21 41.94 
 
 
